Overweight and obesity are strongly associated with endometrial cancer. Several independent genome-wide association studies recently identified two common polymorphisms, FTO rs9939609 and MC4R rs17782313, that are linked to increased body weight and obesity. We examined the association of FTO rs9939609 and MC4R rs17782313 with endometrial cancer risk in a pooled analysis of nine case-control studies within the Epidemiology of Endometrial Cancer Consortium (E2C2). This analysis included 3601 nonHispanic white women with histologically-confirmed endometrial carcinoma and 5275 frequency-matched controls. Unconditional logistic regression models were used to assess the relation of FTO rs9939609 and MC4R rs17782313 genotypes to the risk of endometrial cancer. Among control women, both the FTO rs9939609 A and MC4R rs17782313 C alleles were associated with a 16% increased risk of being overweight (p = 0.001 and p = 0.004, respectively). In case-control analyses, carriers of the FTO rs9939609 AA genotype were at increased risk of endometrial carcinoma compared to women with the TT genotype [odds ratio (OR) = 1.17; 95% confidence interval (CI): 1.03-1.32, p = 0.01]. However, this association was no longer apparent after adjusting for body mass index (BMI), suggesting mediation of the gene-disease effect through body weight. The MC4R rs17782313 polymorphism was not related to endometrial cancer risk (per allele OR = 0.98; 95% CI: 0.91-1.06; p = 0.68). FTO rs9939609 is a susceptibility marker for white nonHispanic women at higher risk of endometrial cancer. Although FTO rs9939609 alone might have limited clinical or public health significance for identifying women at high risk for endometrial cancer beyond that of excess body weight, further investigation of obesity-related genetic markers might help to identify the pathways that influence endometrial carcinogenesis.
Introduction
Endometrial cancer is the most common invasive gynecologic cancer in U.S. women with an estimated 43,470 new cases expected in 2010 [1] . Obesity is a well established risk factor for endometrial cancer among both premenopausal and postmenopausal women [2] . Adult obesity is associated with a 2-to 5-fold increased risk for endometrial cancer and may account for 40% of endometrial cancer incidence [2, 3] . Etiologic models of endometrial carcinogenesis have focused primarily on the role of steroid hormones, especially the effect of a deficiency in progestagen relative to estrogen on endometrial cells [4, 5] . According to the 'unopposed estrogen' hypothesis, the mitogenic effects of estrogen on the endometrium, especially if not counterbalanced by progestagen, increase the risk of malignancy. Adipocytes are the primary source of estrogen in postmenopausal women when the ovarian production of estrogen has ceased [6] . Obesity in postmenopausal women enhances circulating levels of estrogen through increased production and aromatization of androstenedione in adipose tissue, as well as decreased production of sexhormone-binding globulin and reduced 2-hydroxylation of estradiol [7] . Among premenopausal women, obesity is thought to contribute to endometrial cancer risk through an association with progesterone deficiency during the luteal phase of the menstrual cycle, resulting in cellular proliferation and reduced desquamation of the endometrium [5, 7] .
Recently, several independent large-scale genome-wide association studies (GWAS) reported an association of fat mass and obesity associated (FTO; MIM: 610966) and melanocortin-4 receptor (MC4R; MIM: 155541) gene polymorphisms with obesity and BMI in Caucasian populations [8] [9] [10] [11] [12] . Associations of BMI with common variants in these two loci have been reproduced in multiple studies [13, 14] . Carriage of the FTO rs9939609 A and MC4R rs17782313 C alleles was estimated to increase the risk of obesity by 31% [8] and 12% [11] , respectively.
The protein encoded by FTO has been described as a Fe(II)-and 2-oxoglutarate-dependent oxygenase that might operate as a DNA demethylase. The human FTO gene is expressed in many tissues including mesenteric fat, pancreas, liver and adipose tissue, with the highest concentrations found in the hypothalamus [8, 15] . Experimental animal studies provide direct functional evidence that FTO underlies obesity [16] . Two studies have demonstrated that FTO gene expression in the arcuate nucleus of the hypothalamus is regulated by fasting [17, 18] , suggesting that FTO may be important to the control of energy homeostasis. The MC4R gene encodes the MC 4 protein, a ubiquitously expressed Gprotein-coupled receptor that binds a-melanocyte stimulating hormone (a-MSH) [19] . Experimental studies show that MC4R is a key regulator of energy balance, influencing food intake and energy expenditure through functionally divergent central melanocortin neuronal pathways [20] .
To examine the relation between the obesity-associated FTO rs9939609 and MC4R rs17782313 and endometrial cancer risk, we utilized pooled data within the Epidemiology of Endometrial Cancer Consortium (E2C2) [21] . We also evaluated the association of these single nucleotide polymorphisms (SNPs) with the endometrioid histological type of endometrial carcinoma. Endometrioid carcinoma comprises approximately 80% of all sporadic endometrial cancers [22] . It is a prototypical estrogen-dependent tumor with a strong, definitive link to obesity. Thus, we hypothesized a stronger association of the FTO rs9939609 A allele and MC4R rs17782313 C allele and risk of the endometrioid type of endometrial carcinoma than with nonendometrioid types.
Results
The FTO rs9939609 minor allele (A) frequency among pooled controls was 0.40 (range by study: 0.39 to 0.47) ( Table S1 ). The MC4R rs17782313 minor allele (C) frequency among controls was 0.25 (range: 0.23 to 0.28).
The minor alleles for both FTO rs9939609 and MC4R rs17782313 were associated with a 16% per allele increased risk of being overweight (p = 0.001 and p = 0.004, respectively) ( Table 1) .
In the pooled analysis, the FTO rs9939609 AA genotype was associated with an increased risk of endometrial cancer (OR = 1.17; 95% CI: 1.03-1.32; p = 0.01) compared to women with the TT genotype ( Table 2) . No heterogeneity of the genotype associations with endometrial cancer was observed by study in any of the models (Table S2 and Figure 1 ). Excluding WISE study (with genotypes deviating from HWE) did not alter the association of SNPs with endometrial cancer risk (OR = 1.15; 95% CI: 1.01-1.32; p = 0.04). The FTO rs9939609 association with risk remained consistent in the analysis restricted to incident cases in which the TORONTO study participants were excluded (OR = 1.18; 95% CI: 1.03-1.35; p = 0.02). No heterogeneity of effects was observed between the TORONTO study and studies including incident cases only (p = 0.78). In the subset of women with BMI data available, the association of the FTO rs9939609 AA genotype with risk remained the same (Table 3) . However, the association of the FTO rs9939609 A allele with risk was no longer observed after adjusting for BMI ( Table 3 ) or in the analysis by BMI strata ( Table S3 ). The majority of cases were diagnosed with endometrioid carcinomas (N = 1,419 cases; 63%). In the analyses restricted to the endometrioid histological subtype, the FTO rs9939609 AA versus TT genotype was slightly strengthened (OR = 1.26; 95% CI: 1.04-1.52; p = 0.02) ( Table 2 ), but again completely attenuated after adjusting for BMI ( Table 3) . No associations of the MC4R polymorphism with endometrial cancer risk were found in any of the models ( Figure 2 , Tables 2, 3 , S2, and S3).
Discussion
In this pooled analysis of non-Hispanic white women from the United States, Poland, Canada and Australia, we found that carriers of the FTO rs9939609 AA genotype were at increased risk of endometrial carcinoma. This genetic association appears to be mediated through a relation of rs9939609 to a woman's weight, as no independent effect of this SNP was observed after accounting for BMI.
Experimental evidence suggests that obesity associated SNPs in intron 1 of the FTO gene are associated with altered gene expression [23] . Using primer extension analysis, Berulava et al. [23] determined the ratio of allelic FTO transcript levels in unspliced heterogeneous nuclear DNA preparations from blood and fibroblasts of individuals heterozygous for rs9939609. The FTO transcripts containing the A ('risk') allele were more abundant than those with T allele (mean 1.38; 95% CI: 1.31-1.44).
The FTO rs9939609 SNP is related to body weight through an influence on energy intake and satiety [18, [24] [25] [26] [27] [28] [29] . The rs9939609 A allele was associated with increased energy intake in adults [25] and children [24, [26] [27] [28] 30] in several epidemiological studies. Den Hoed et al. [29] reported that women with TA and AA rs9939609 genotypes had significantly lower postprandial responses to hunger and satiety compared to TT carriers. Wardle et al. [24] observed that children with two copies of the lower-risk FTO alleles ate less than those with one or two higher-risk alleles and concluded that the T allele is protective against overeating by promoting responsiveness to internal signals of satiety. In addition, two studies reported an association of the rs9939609 A allele with decreased lipolysis [31, 32] . The lack of an independent effect of the MC4R rs17782313 SNP was unexpected and needs further investigation. Although the power of our MC4R analysis was modest, odds ratios were close to one, providing no suggestion of an association of this SNP with endometrial cancer risk among non-Hispanic white women. Further study of additional genetic correlates of body weight will assist in clarifying whether the FTO relation to endometrial cancer risk is unique among 'obesity-associated' genes.
A strength of this pooled analysis was the large sample size available within the E2C2. A large number of genetic variants and quantitative trait loci that potentially predispose to obesity have been reported, but only a few have been convincingly confirmed in multiple independent large scale investigations [33] and FTO remains the strongest genetic determinant of common obesity characterized to date. A limitation of this analysis was that histology was available for only 62% of women. Furthermore, we did not have detailed information on menopausal hormone use, weight at different periods in life, body fat distribution, or other factors that may influence endometrial cancer risk [3] . However, no association of FTO genotype with menopausal status or menopausal hormone use was observed in the subset of women for whom this information was available. Finally, the use of selfreported height and weight might have resulted in nondifferential misclassification and thus underestimation of the true effects.
Although important gaps exist in our understanding of the molecular pathways leading to increased weight and obesity, our data provide novel evidence that the FTO rs9939609 AA genotype is associated with endometrial cancer risk among non-Hispanic white women. As more common genetic variants associated with overweight and obesity are identified, these might help to identify the pathways that influence endometrial carcinogenesis.
Methods

Ethics statement
All participating studies were approved by the review boards and ethics committees of their parent institutions and participating hospitals, including 
Study Design and Population
Based on Epidemiology of Endometrial Cancer Consortium (E2C2) procedures, we submitted a formal proposal describing our hypothesis and methods to the steering committee and to all consortium members. Genotyping of the proposed SNPs was performed in the individual laboratories of investigators expressing an interest in collaboration, following a similar protocol. All data were combined in the E2C2 coordinating center. Nine studies participating in this pooled analysis (Tables 4 and S4 ) included 3601 women with primary incident endometrial carcinoma and 5275 women who were free of endometrial cancer and did not have history of hysterectomy. Six studies were population-based case-control studies, two studies were case-control studies nested within a cohort, and one study was hospital-based. All studies except the TORONTO study included incident endometrial cancer cases exclusively. Epidemiological data were collected using structured questionnaires. All data were combined in the E2C2 coordinating center. Age at diagnosis for cases or age at interview for controls was available for all study participants. FTO rs9939609 genotype data were available for 8728 women (3561 cases and 5167 controls) and MC4R rs17782313 genotype data were available for 7895 women (3120 cases and 4775 controls). Self-reported BMI data were available for 7459 (84%) of women; data were missing for women from the Toronto study (n = 1313; 14.5%) and for 1.5% of women from other studies. Histology data were available for 2243 (62%) cases. Data on menopausal status were available for 907 cases and 885 controls (20%) and use of any menopausal hormones were available for 3050 cases and 3803 controls (77% of women).
Genotyping
Genotyping was performed in the individual laboratories using 59 nuclease TaqMan allelic discrimination assay (TaqMan, Applied Biosystems) following the same protocol. We used the following criteria to measure the acceptability of the genotyping results: (1) inclusion of $3% sample duplicates, (2) concordance rate for duplicate samples $99%, (3) overall call rate by study $95% and (4) intermixing of cases and controls on each plate. All studies met these criteria. Genotyping quality was also assessed using tests for HardyWeinberg equilibrium (HWE). The genotype distribution for both SNPs among controls was consistent with HWE in all but one study (WISE, p = 0.01) for rs9939609 and one study (NHS, p = 0.02) for rs17782313. Exclusion of these studies did not appreciably affect the reported results. MC4R rs17782313 genotype data were not available for the PEC study (417 cases and 407 controls).
Statistical analysis
All analyses were completed in the SAS statistical software package version 9.2 (SAS Institute Inc., Cary, NC). Fisher's goodness-of-fit test was used to assess whether allele frequency distributions among controls were consistent with HWE. Unconditional multiple logistic regression models were used to calculate odds ratios (ORs) and 95% confidence intervals (CIs) for the association of genotype with endometrial cancer risk and BMI, calculated as the ratio of weight in kilograms divided by the square of height in meters. BMI was used as continuous variable, as well as categorical with two levels: lean women (BMI ,25 kg/m 2 ) and overweight women (BMI $25 kg/m 2 ). The genotype for each SNP was treated as a non-ordered categorical variable to test for heterogeneity and as an ordered categorical variable (with three levels: 0, 1, 2; one assigned to each genotype) to test for an alleledose effect. Homozygous carriers of the common FTO rs9939609 and MC4R rs17782313 T alleles were used as the reference group for these models. Heterogeneity of effects by study was examined using two different methods. First, we included study site as a fixed effect covariate and evaluated heterogeneity of the association of genotypes with risk by study, using a Wald test of the genotypestudy interaction term. Second, we included study site as a random effect using SAS GLIMMIX procedure (the results were the same). To evaluate potential confounders, the distributions of genotypes among controls were examined by factors associated with ovarian cancer risk (age, menopausal status, and use of menopausal hormones) ( Table S5) . Age (continuous variable) was included in all models to account for residual confounding by imperfect matching. A Wald test was used to compare the associations of genotypes with endometrial cancer risk by study and BMI strata. Power calculations were performed using QUANTO software (http:hydra.usc.edu/gxe) and were based on population incidence rates of endometrial cancer of 24.4 per 100,000 women per year. These rates are based on cases diagnosed in 2001-2005 from 17 Surveillance Epidemiology and End Results (SEER) geographic areas [1] . Calculated minimal detectable ORs (MDOR) are presented in Table S6 . Supporting Information 
